Abstract
In this study, 19 biochars from marginal biomass, representing all major biomass 11 groups (woody materials, grass, an aquatic plant, anthropogenic wastes) were 12 investigated regarding their content of available potentially toxic elements (PTEs) 13 and nutrients (determined by NH4NO3-extractions) and their effects on cress 14 (Lepidium sativum) seedling growth. The objective was to assess the potential and 15 actual effects of biochar with increased PTE content on plant growth in the context of 16 use in soil amendments and growing media. It showed that the percentage of 17 available PTEs was highest for biochars produced at the highest treatment 18 temperature (HTT) of 750°C. On average, however, for all 19 biochars, the 19 percentage availability of Cu, Cr, Ni and Zn (<1.5% for all) was similar to the 20 percentage availability reported in the literature for the same elements in soils at 21 similar pH values which is a highly important finding. Most biochars exceeded 22
German soil threshold values for NH4NO3-extractable PTEs, such as Zn (by up to 23 25-fold), As and Cd. Despite this, cress seedling growth tests with 5% biochar in 24 sand did not show any correlations between inhibitory effects (observed in 5 of the 25 19 biochars) and the available PTE concentrations. Instead, the available K 26 concentration and biochar pH were highly significantly, negatively correlated with 27 seedling growth (K: p<0.001, pH: p=0.004). K had the highest available 28 concentration of all elements and the highest percentage availability (47.7±19.7% of 29 the total K was available). Consequently, available K contributed most to the osmotic 30 pressure and high pH which negatively affected the seedlings. Although a potential 31 risk if some of these marginal biomass-derived biochar were applied at high 32 concentrations, e.g. 5% (>100 t ha -1 ), when applied at agriculturally realistic 33 application rates (1-10 t ha -1 ), the resulting smaller increases in pH and available K 34 concentration may actually be beneficial for plant growth. 35
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39
Introduction
40
Biochar can improve soil chemical properties (e.g. pH, cation exchange capacity 41 (CEC)), soil biological properties (e.g. stimulate microbial growth) and soil physical 42
properties (e.g. water holding capacity) (Lehmann and Joseph, 2015) and in 43 addition, supply nutrients directly to the soil (Ippolito et al., 2015) . Consequently, 44 among other things, biochar is being tested for plant growth promotion in agriculture, 45 horticulture and viticulture. However, inhibiting effects caused by biochar could 46 negate any positive effects and so biochar should not contain contaminants which 47 pose a risk to plant growth. 48
The contaminants in biochar which have been reported to be present at sufficient 49 concentrations to affect plant growth are: polycyclic aromatic hydrocarbons (PAHs), 50 volatile organic compounds (VOCs) and potentially toxic elements (PTEs). These 51 can originate from the feedstock (predominantly PTEs) and/or the production 52 process itself (VOCs, PAHs and some metals) (Buss et al., 2015 (Buss et al., , 2016 Hale et al., 53 2012; Hilber et al., 2012) . While process conditions can be adjusted and pyrolysis 54 units can be built to minimise contamination resulting from the production process 55 (Buss et al., 2016; Hale et al., 2012) , contaminants in the feedstock are source-56 dependent, and therefore, careful selection of biomass is necessary. 57
From an economic and sustainability perspective, the ideal feedstock for biochar 58 production is biomass or organic waste that would otherwise be landfilled or 59 incinerated (Shackley et al., 2011) . However, these materials are likely to contain 60 contaminants, e.g. originating from the soil or water bodies in which the biomass was 61 grown or from direct anthropogenic influences (e.g. wood from demolition sites, 62 sewage sludge and food waste). Such material of limited economic value is 63 henceforth referred to as "marginal biomass". Biochars produced from marginal 64 biomass containing organic contaminants, e.g. PAHs or dioxins, have been shown to 65 pose a low risk as such contaminants tend to be largely destroyed or evaporated 66 during pyrolysis (Wijesekara et al., 2007; Zielińska and Oleszczuk, 2015) . 67
PTEs, on the other hand, mostly remain in the solids (feedstock / biochar) during 68 biochar production and only a few are partially evaporated (Buss et al., 2016 In a previous study, the total concentrations of nutrients and PTEs were analysed in 104 19 marginal biomass-derived biochars and PTE concentrations were tested for 105 compliance with threshold values for total PTEs (Buss et al., 2016 ). In the current 106 study, cress germination and early seedling growth tests were conducted to assess 107 the risk of PTEs in biochar for plant growth. Furthermore, available PTEs were 108 determined using NH4NO3 and compared to German legislation threshold values. To 109 complete the risk-benefit analysis of application of marginal biomass-derived biochar 110 to soil and growing media, the availability of nutrients were determined to assess the 111 potential fertiliser value. In addition, the effect of highest treatment temperature 112 (HTT) and feedstock on percentage available of total PTEs and nutrients was 113 examined. Ultimately, the available elemental content of the biochars (and biochar  114 pH and EC values) were correlated with phytotoxic effects to identify the parameter 115 with the greatest potential to affect plant growth adversely. 116
Materials and Methods
117
Biochars
118
Nineteen biochars produced from 10 marginal biomass feedstocks from all major 119 biomass categories, including woody materials, grass, an aquatic plant and 120 anthropogenic wastes (non-virgin feedstocks), were used for this study. As all these 121 materials were described in detail in Buss et al. (2016) , only a short description is 122 provided in Table 1 . Feedstock effects were studied for all 10 biomasses where 123 pyrolysis at 550°C was used as a typical medium HTT. To study the effects of 124 temperature, 2 feedstocks (ADX, DW) were pyrolysed at HTTs of 350, 450, 550, 650 125 and 750°C and 1 (WLB) was pyrolysed at 550°C and 700°C. In all cases, the 126 biochars were produced using the continuous screw pyrolysis unit described in Buss 127 et al. (2016) . All biochars are termed according to their feedstock as abbreviated in 128 Table 1 and their respective production temperature (°C). 129 Concentrations of elements in reagent blanks were subtracted from those for the 156 sample solutions and the data were expressed as the mass of available element 157 relative to mass of solid biochar (i.e. mg kg -1 or g kg -1 for elements present at high 158 concentration). The data were also converted to percentage availability using the 159 total elemental concentration data for the same biochar samples (Buss et al., 2016) . 160
Details on the calculation can be found in the SI file. 161
Germination tests
162
Biochar phytotoxicity screening was performed according to Buss and Mašek (2014) 163 using 7-day 'all exposure routes' cress (Lepidium sativum) seed germination tests. 164
Each biochar sample was ground and incorporated in sterilised sand (sterilisation at 165 500°C for ~2 h) to give a 5% w/w biochar-sand mixture, the control was sterilised 166 sand only. Cress seeds were either in direct contact with the biochar-sand mixture or 167 only exposed to the solution leaching through the mixture (set-up done in triplicates). 168
The effect of volatile organic compounds (VOCs) from the biochars on seedling 169 growth was not tested here as previous work showed no phytotoxic effects even for 170 heavily VOC-contaminated biochars (Buss and Mašek, 2014 root length of <5 mm (which was also used as the limit of quantification (LOQ)); this 179 has also been used by the US EPA (1996) as the threshold for "active growth by an 180 embryo". For all seeds with root length >5 mm (here called "healthy, non-stunted 181 seedlings"), shoots and roots were measured using image analysis (ImageJ) and the 182 difference compared to the sand-only control was calculated. Germination rate and 183 root growth was summarised in one parameter by calculating the Munoo-Liisa-184
Vitality index (MLV-index) which gives the percentage difference of the parameters 185 to performance of the seedlings in the sand only control (European Standard, 2011) 186 (for seedlings with roots <LOQ, 0.5 * LOQ was used). 187
Removal of available elements from biochar samples prior to
188 germination tests 189 After the phytotoxicity screening was performed, 9 biochars were selected for further 190 testing. These included biochars which caused growth stimulation, growth 191 suppression and no effects (selected biochar can be found in the SI). The biochars 192
were extracted with 1 mol L -1 NH4NO3 as described in section 2.2. To remove excess 193 salt solution, this process was followed by addition of 25 mL of DI water and shaking 194 at 150 rpm for 2 h. Filtration was achieved using the protocol described in section 2.2 195 and the biochar samples were pre-dried in an oven overnight at 50°C. The treated 196 biochars were again tested in germination tests as described in section 2.3 to predict 197 the effect that could be expected from the biochars after they have been exposed to 198 the environment, e.g. after extractable nutrients and PTEs were removed by natural 199 leaching processes shortly after biochar application. 200 
Data analysis
Results and Discussion
207
In this study, the availability of 19 elements (PTEs and nutrients) in 19 biochars was 208 determined using 1 mol L -1 NH4NO3 -extractions followed by elemental analyses. The 209 amount of an element extracted by NH4NO3 will be referred to as "available 210 concentration" when expressed on biochar mass basis (mg kg -1 , mg g -1 ) ( Table 2) or  211 as "percentage available" (wt%) when expressed relative to the total concentration of 212 the given element present in each biochar sample. 213 Table 2 : NH4NO3-extractable (available) PTE concentrations of 19 biochars (mg kg -1 ) as average and standard deviation (n = 3). All biochars are 14 termed according to their feedstock as abbreviated in Table 1 and their respective production temperature (°C). 221 The effects of pyrolysis HTT on percentage availability (available concentration as 222 percentage of total elemental concentration in biochar) of typical PTEs (Cr, Cu, Ni 223 and Zn) and nutrients (Ca, K, Mg and P) were studied using biochars from demolition 224 wood (DW) ( Figure 1A ) and a plant (A. donax, ADX) grown on contaminated soil 225 ( Figure 1B ). For biochars from both feedstocks, the percentage available of Cr, Ni, 226
Effect of pyrolysis HTT on percentage of PTE available
Cu and Zn increased sharply when the HTT was increased from 650 to 750°C 227 ( Figure 1A, B (Table 2 ). Both of these biochars showed very high availability of As 309 (close to 100%). This can be explained by the fact that both biochars have a pH of 310 around 10 and the mobility of As is higher at elevated pH. This is a general problem, 311 as addition of biochar, and subsequent increase of soil pH, could mobilise As that is 312 already present in the soil. This can lead to increased leaching of As into 313 groundwater and increased uptake by plants (Beesley et 344 Besides PTEs, biochars contain potentially beneficial elements, such as the 345 macronutrients K, Ca and Mg. For assessing the value of biochar as fertiliser, the 346 concentration of available nutrients is of primary importance. 347 K was the most available of all elements; 47.7 ± 19.7% of the total K was extractable 348 with 1 mol L -1 NH4NO3 ( 
(Percentage) availability of K, Ca and Mg in biochar
(Percentage) availability of P in biochar
374
Like K, Ca and Mg, P is also a plant macronutrient and is needed by plants in 375 comparatively high amounts (Kirkby, 2011) . For the biochars investigated here, the 376 percentage availability of P decreased with pyrolysis HTT (Figure 1 ) which was also 377 reported in literature for biochar produced from swine manure (Meng et al., 2013) , A. 378 donax, (Zheng et al., 2013) and biosolids (Wang et al., 2012) . This was ascribed to 379 assumed structural changes and resulting stabilisation of P / transformation into a 380 less soluble form. 381
Between 0.10 and 34.0% (SI Table 3 ) and on average 10.8 ± 10.0% (Table 3) and for numerous other biochars, available of total P was between 0.4-34% 393 determined by various extraction methods (Ippolito et al., 2015) . 394 FWD 550 was the biochar with the highest total P concentrations by far (Buss et al., 395 2016), but the available concentration was only 20 mg kg -1 (Table 4) , which 396 corresponded to 0.10% of the total P, by far the lowest percentage of P available in 397 all biochars (SI Table 3 ). FWD 550 also had the lowest percentage of available Ca 398 (SI Table 3 Of the 19 biochars tested, 8 showed significant shoot growth-promoting effects on 429 cress seedlings in direct contact with the biochar-sand mixture ( Figure 2B ). In 4 430 treatments, cress seedlings only exposed to the solution leaching through biochar-431 sand mixtures also displayed significantly longer shoots (Figure 2A ). Besides shoot 432 growth, root growth was also stimulated, reflected by >100% Munoo-Liisa Vitality 433 indices (MLV-indices) which takes into account root growth and germination rate 434 (Table 5) . 435
Improvements of physical soil properties by biochar can mostly be excluded as the 436 reason for the stimulation of seedling growth, because seedlings also showed 437 improved growth when only exposed to the solution leaching through the biochar-438 sand-mixture. Although nutrients may have been partially responsible for the growth 439 promoting effects, these cannot explain effects observed in the case of DW biochars. 440
Four of the five DW-biochars significantly increased shoot length, despite having 441 comparatively low available nutrient concentrations (Table 4 ) and in particular, DW 442 550 showed striking stimulation of shoot growth, which cannot be associated with 443 available nutrients. 444
Overall, DW 550, SBI 550 and FWD 550 increased shoot length significantly in 445 seedlings in either direct contact with biochar-sand or exposed to biochar leachate. 446 FWD 550 and DW 550 stimulated the growth by 60-80% in the 7-day cress test 447 compared to the control (Figure 2A, B) . While the biochars from demolition wood 448 produced at 5 HTTs showed strong growth promoting effects which peaked at 449 medium HTT, ADX-derived biochars inhibited seedling growth with increasing HTT 450 (in ADX 350 seedlings could fully develop, while in ADX 750 100% of the seedling 451 showed stunted growth, Table 5 ). 452
Growth suppression effects of biochars 453
Germination rate (cracked seed coatings and visible roots) was barely affected by 454 any of the biochars; it was ~100% in almost all cases, with the exception of WRB 455 550 and PAT 550 where germination rate was only 80-90% (SI Table 4 ). As also 456 observed in Li et al. (2005) , however, early root growth extension was significantly 457 inhibited by five of the 19 biochars, all of which were derived from biomass from 458 PTE-contaminated land (ADX 650 / 750, WSI 550, WRB 550 and PAT 550). This 459 resulted in a reduction of healthy seedlings (roots >5 mm) to only 0-60% when in 460 direct contact with biochar-sand or when exposed to biochar-sand leachate (Table  461 5). Seedlings were able to germinate but their further development was immediately 462 and strongly impeded, and the seedlings that did grow further showed reduced shoot 463 ( Figure 2 ) and root growth (MLV-indices, Table 5 ). by leachate from the mixture and (B) shows the seeds which were exposed to 491 biochar-sand. Results for biochars were compared to the control using two sample, 492 two tailed t-tests. LOQ = limit of quantification, * significant difference with p < 0.05, 493 ** with p <0.01, *** with p <0.001, # not statistically tested because only two of the 494 replicates showed growth and one replicate had 100% below limit of quantification 495 (LOQ). 496
Correlating plant response with biochar characteristics
498
(available elemental concentrations, pH and EC) 499 Measuring the concentrations of available PTEs and conducting plant tests is a 500 means of risk assessment; to be able to take appropriate risk management 501 measures to avoid the toxic effects of biochar, however, the underlying reasons need 502 to be understood. Consequently, the performance of biochars in cress germination-503 and growth tests (percentage of healthy, non-stunted seedlings) was correlated with 504 the available elemental concentrations of all 19 elements and with biochar pH and 505 electrical conductivity (EC) (determined in Buss et al. (2016) ) to identify the 506 parameter that most likely affected the cress seedling growth adversely. 507
In the plant tests, the phytotoxicity of the ADX-biochars increased linearly with HTT 508 (Table 5 , Figure 2 ). 2010). In the germination tests conducted in our study, a water-to-biochar ratio of 519 1:14 was used, while the extractions were performed with a ratio of biochar-to-520 NH4NO3-solution of 1:10 and consequently, the Mo concentrations to which the 521 seeds were exposed were comparable to the concentrations detected in our 522 NH4NO3-extracts (concentrations in the raw extracts 10 fold lower than in Table 2 biochar. In conclusion, while it cannot be entirely excluded that Mo has contributed to 527 the total inhibition of early seedling growth, it seems highly unlikely. Instead this 528 could be a case of wrongly interpreted cause-effect relationship. The available 529 concentration of Mo is not the cause for the toxicity but it is a symptom of the high 530 pHs of these biochars. Therefore, it is the elevated pHs that caused the observed 531 growth suppression effects. Indeed, biochar pH (determined in Buss et al. (2016)) 532 showed a similarly high negative correlation with healthy, non-stunted seedlings as 533 the available Mo concentration observed in this study (Table 6) . 534
Henig-Sever et al. (1996) and Singh et al. (1975) showed that solutions with pH in 535 the range 7-9 reduced germination rates in most plant species and by pH of 10-11, 536
total inhibition was observed in most cases. Singh et al. (1975) suggested that the 537 germination rate-response to pH followed a 2 nd order polynomial curve, and 538 therefore, a linear correlation (Pearson) does not describe the relationship between 539 pH and growth response appropriately. Tested on our data set, we found that indeed 540 a 2 nd order polynomial curve fitted very well with the plant response ( Figure 3A : R² = 541 0.63, Figure 3B : R² = 0.68). Investigation of the causes of relatively high pH of the 542 biochar used in this study showed that it can be attributed mainly to potassium salts, 543 e.g. potassium carbonate, as potassium was the element with by far the highest 544 available elemental concentration in all biochars (Table 2, Table 4 ). 545
Consequently, K most likely caused indirect inhibition of plant growth by increasing 546 the pH in solution. Yet, the available K concentration itself shows an even higher 547 significant correlation with seedling growth than pH and a better 2 nd order polynomial 548 fit, in fact available K displays the best fit of all parameters tested (r = -0.728, p 549 <0.001) ( the osmotic pressure of a solution containing >50 mmol L -1 NaCl (100 mmol L -1 557 active ions) the shoot and root length were significantly reduced. In the current study, 558 the 4 biochars that caused the highest inhibition had concentrations of K of ~3,000 559 mg L -1 in NH4NO3-extracts (concentrations in the raw extracts 10 fold lower than in 560 Table 4 ) which corresponds to 77 mmol L -1 . Assuming K dissolution as potassium 561 carbonate or chloride, the active concentrations of ions resulting from this would be 562 231 and 154 mmol L -1 , respectively, which is well in the range where reductions of 563 cress seedling growth have been reported. 564
As electric conductivity (EC) is often used as a proxy for osmotic potential of a 565 solution, we assessed it as a potential indicator of plant response. Statistical analysis 566
showed that EC showed a comparatively low Pearson correlation (Table 6 ) and R² 567
(not shown) with seedling growth, much lower than that shown by the available K 568 concentration. This is attributed to the fact that, while ions in solution contribute to 569 EC to different extents, depending on type of ion and its charge, in case of osmotic 570 potential / pressure, which is the actual factor affecting seedling growth, only the 571 quantity of solute per unit volume of solution (molarity) is relevant (Richards, 1954) . 572
Consequently, EC is not necessarily a good predictor for the inhibition of germination 573 and early seedling growth, while molarity of the solution is. In conclusion, we showed 574 that it was the osmotic potential of the solution and partially the high pH (both of 575 which are mostly a result of dissolved K) that were the primary causes of observed 576 phytotoxicity in this study, and not the PTEs contained in the biochar. 577 in a dilution of 100-fold and consequently, available PTEs would not exceed the limit. 600
Furthermore, comparing the total PTE concentrations to commercially available 601 fertiliser products shows that the concentrations of As, Cd, Cr and Ni are much 602 higher in inorganic fertilisers than in the biochars investigated here and Zn is even 603 added intentionally to inorganic fertilisers to supply Zn for Zn-deficient soils 604 (Rogowski et al., 1999) . Therefore, although the compliance / non-compliance of 605 respective biochars with legislation would need to be decided by the responsible 606 governmental bodies, considering the available concentrations, PTEs do not seem to 607 be of any concern. More importantly, the phytotoxic effects observed in this study 608
could not be correlated with available PTEs concentrations. 609
Five of the 19 biochars did adversely affect growth in germination tests (linked to 610 high pH and high content of available K), while 8 showed significant growth 611 stimulating effects, even in these high application rates (5 wt%, corresponding to 612 >100 t ha -1 , depending on soil and application type). Consequently, some of the 613 tested biochars would not be suitable for application in high concentrations, e.g. in 614 growing media, without causing phytotoxic effects. However, the application rates 615 used in this work were unrealistically high from the perspective of agricultural 616 application (these were selected intentionally high to exacerbate negative effects of 617 PTEs), and therefore application in lower, practically relevant application rates (1-10 618 t ha -1 ) would result in smaller increases in pH and lower additions of K, and would 619 therefore most likely result in growth stimulating effects. This application rate would 620 also not elevate the available PTE concentrations in soil above the threshold values. 621
Conclusions
622
In this study, 19 biochars produced from marginal biomass feedstocks, representing 623 all major biomass categories, were investigated to assess their content of available 624 PTE and nutrients, focussing on any plant growth promoting or suppressing effects. 625
The study confirmed that total concentrations of PTEs are not reliable predictors for 626 available concentrations of PTEs nor for the potential of respective biochars to cause 627 adverse plant effects. Furthermore, it was concluded that in the investigated biochar 628 set inherent Cu, Cr, Ni and Zn were bound to biochar with similar strength to that of 629 soil at a similar pH (>7.5). This new finding has significant implications for designing 630 biochars for immobilisation of PTEs in soil. The study also showed that only the 631 highest HTT used, 750°C, increased the availability of most PTEs and decreased the 632 availability of several nutrients, meaning that even biomass with high PTEs content 633 could safely be processed in a wide range of temperatures. In terms of plant 634 responses, eight of the 19 biochars studied significantly increased early seedling 635 growth, while 5 biochars suppressed growth. The phytotoxic effects showed only 636 poor correlation with available PTEs, but a strong correlation with pH and available K 637 concentration. We hypothesised that available K increased the osmotic pressure 638 causing plant growth inhibition. Consequently, in this study, where relatively high 639 biochar application rates were used, the high available K concentrations and the high 640 pH were responsible for seedling growth inhibitions. However, we concluded that, 641
were such biochars used at lower application rates, both factors (available K and pH) 642 would contribute to growth promoting effects and would be among the most 643 important assets of these biochars. Although much more research on short and long-644 term effects of PTE-rich biochars on other plants and soil organisms and in a variety 645 of soils is needed, this study showed that most marginal biomass-derived biochars 646 have good potential to be used as nutrient source for plants. Most 
